The activity of the first enzyme of the shikimate pathway, 3-deoxy-Darabino-heptulosonate 7-phosphate synthase, varies during the growth cycle of Solanum tuberosum L. cv superior cells in suspension culture. Maximum specific enzyme activity was observed midway through the linear phase of growth. When mid-log phase cells are exposed to glyphosate, the specific activity of the enzyme increases severalfold within 24 hours. The glyphosate-induced increase in enzyme activity is due to an increase in the amount of enzyme as determined by immunoblotting. Glyphosate (up to 2 millimolar) has no effect on the enzyme activity in vitro. Dehydroquinate synthase, the second enzyme of the shikimate pathway, is not induced by glyphosate.
Aromatic amino acid biosynthesis involves a common route to chorismate known as the shikimate pathway, followed by three separate pathways from chorismate to phenylalanine, tyrosine, and tryptophan. In bacteria, carbon flow along the shikimate pathway is regulated through modulation of the intracellular level and catalytic activity of the first enzyme, DAHP3 synthase (10) . In intact Escherichia coli cells, the single most important regulatory mechanism for carbon flow through the shikimate pathway is feedback inhibition of the first committed step by the aromatic amino acids (20) .
In higher plants, the shikimate pathway serves to supply not only the aromatic amino acids, but also numerous secondary metabolites derived from these amino acids. DAHP synthase appears to be a primary control point in plants. The specific activity of the enzyme increases during seed germination of Vigna radiata (18) , Pisum sativum (23) , Zea mays (8) , and during shoot formation from Nicotiana tabacum callus (2) . DAHP synthase activity also varies during the growth cycle of Daucus carota cells in suspension culture (29) . One (25) , and the pure D. carota enzyme shows hysteresis in response to tryptophan (30) .
Glyphosate (N-[phosphonomethyl]glycine) is a potent broad spectrum herbicide widely used in agriculture (9) . The primary metabolic target site for this herbicide is 5-enolpyruvylshikimate 3-phosphate synthase, the penultimate enzyme of the shikimate pathway (1, 12, 28) . Glyphosate inhibition is competitive with phosphoenolpyruvate, one of the substrates for this enzyme (3) .
Here, we report that the specific activity of DAHP synthase increases when potato cells in culture are exposed to sublethal concentrations of glyphosate. The rise in enzyme activity is attributable to an increase in the amount of enzyme, as demonstrated immunologically.
MATERILS AND METHODS
Chemicals. Phosphoenolpyruvate (5), erythrose 4-phosphate (27) , and DAHP (11) were synthesized and assayed as described previously (11, 26) . Analytical grade glyphosate was a gift of Monsanto Company. All other chemicals were of the highest purity commercially obtainable.
Antibodies. Polyclonal antibodies against potato DAHP synthase were raised in New Zealand white rabbits using standard injection and bleeding protocols. The antigen was pure tuber enzyme (21) that was subjected to SDS-PAGE prior to injection. The immunoglobulins were partially purified by three consecutive (NH4)2SO4 precipitations at 33% saturation. The final precipitate was redissolved in and dialyzed against 20 mm tricine, pH 8.6, containing 3 mM NaN3.
Immunoblots. Cell extracts were subjected to SDS-PAGE, and the proteins were transferred to nitrocellulose by the method of Burnette (4) After transfer ofpotato cells to fresh medium, DAHP synthase specific activity increased during the log and linear phases of growth (Fig. 1) . Maximal enzyme activity was obtained after 15 d, midway through the linear phase. Thereafter, DAHP synthase activity declined, even though the fresh weight of the cells continued to increase until the experiment was terminated at 24 d.
When late log phase potato cells (9 d after transfer) were challenged with 1 mm glyplosate, DAHP synthase activity increased about threefold within 24 h (Fig. 2) . Dehydroquinate synthase, the second enzyme of the shikimate pathway, was not affected by glyphosate (Fig. 2) . Figure 3 shows the relationship between DAHP synthase levels and the glyphosate concentration in the growth medium. When late log phase potato cells were exposed to increasing amounts ofglyphosate, a proportional increase in DAHP synthase activity was observed. However, when cells were grown in glyphosatefree medium and the extracts treated with increasing amounts of glyphosate, DAHP synthase activity was not affected. Also, glyphosate did not affect the enzyme stability during the extraction process. Thus, in vivo, the herbicide causes an increase in DAHP synthase activity, but in vitro, glyphosate had no effect on this enzyme. Figure 4 shows immunoblots of potato cell extracts. Potato cells were exposed for increasing lengths of time to 1 mm gly- phosate. Extracts from glyphosate-treated and untreated cells were subjected to SDS-PAGE. The separated proteins were blotted onto nitrocellulose. The blots were developed with polyclonal antibodies raised against pure potato tuber DAHP synthase (21 (29) . Thus, it appears that at least in Solanaceae, the first enzyme of the shikimate pathway is subject to regulation. To extend this observation, potato cells were exposed to glyphosate, a specific inhibitor of the penultimate enzyme of the shikimate pathway; Glyphosate treatment led to a rapid increase in DAHP synthase activity.
The glyphosate-induced in vivo increase in potato DAHP synthase is not attributable to a direct interaction ofthe herbicide with the polypeptide. In vitro, glyphosate does not affect potato DAHP synthase activity at concentrations up to 2 mm. In contrast, one of the two Vigna radiata DAHP synthase activities is inhibited by 1 mm glyphosate (24) . DAHP synthases appear to be metal-containing enzymes (17) . Since glyphosate has metalchelating ability (9), the metal-binding abilities of DAHP synthases from different plants may vary sufficiently such that some enzymes are affected by the herbicide while others are not.
The activity of the second enzyme of the shikimate pathway is not affected by glyphosate treatment, suggesting that this herbicide does not lead to a general induction of shikimate pathway enzymes. However, glyphosate is known to affect the activities ofcertain other enzymes; phenylalanine ammonia lyase (7) and indole acetic acid oxidase (15) are induced by the herbicide, while nitrate reductase (6) is repressed.
Glyphosate inhibits plant growth by reducing the production of 5-enolpyruvylshikimate 3-phosphate, an intermediate in the biosynthesis of the three aromatic amino acids and a host of aromatic secondary metabolites. If one of the aromatic amino acids or one of their metabolic derivatives were to serve as a signal for the regulation of carbon flux through the shikimate pathway, and if the rate-limiting step to control this flux were catalyzed by the first enzyme, a modulation of DAHP synthase activity would be expected following a glyphosate challenge. Such a response was observed in this study.
The molecular mechanism of the glyphosate-induced rise in DAHP synthase is unknown. In Escherichia coli, transcription of the gene encoding the tyrosine-sensitive DAHP synthase is derepressed by glyphosate (22) . Since the immunologically de-
